ABSTRACT Dodecaadenylic acid containing a single 2',5'-linkage at a defined position was formed by the coupling of two hexamers on a poly(U) template at 20. The rate of hydrolysis of this dodecamer was compared with that of a dodecamer that contained only the natural 3'-'-linkages. At 400, in 1 M aqueous ethylenediamine at pH 8 in the absence of poly(U), both dodecamers hydrolyzed at comparable rates, but the addition of two equivalents of poly(U) caused a 7-fold increase in the initial rate of hydrolysis of the oligomer containing the 2',5'-bond, and a 5-fold decrease in the initial rate of hydrolysis of the natural oligomer. When the oligomers are fully constrained in helical form, the ratio of the rates of cleavage of one 2',5'-bond to one 3',5'-bond under these conditions is probably about 900:1. The use of the 3',5'-bond, in combination with a right-handed helix, appears to have had a large selective advantage over the use of the 2',5'-bond for the storage of genetic information. Naturally occurring RNA appears to contain solely the 3',5'-internucleotide linkage. By contrast, successful attempts to demonstrate the template-directed non-enzymatic polymerization of ribonucleotides, which are of interest as models of prebiotic synthesis, have almost invariably resulted-in the production of a large excess of the unnatural 2',5'-isomer (1). Thus, coupling of adenosine 2',5'-cyclic phosphate (A>p) on a poly(U) template is catalyzed by aqueous ethylenediamine, but the resulting dimer contains about 97% of the 2',5'-linkage (2). It has been suggested (3) that these two observations may be related: that the constraint of the helix forces the formation of the 2',5'-bond from the cyclic phosphate, and also stabilizes a 3',5'-bond against hydrolysis in mildly basic solution. As a corollary, the 2',5'-bond is still labile when the constituent nucleotides are part of a right-handed helix, and thus storage of "genetic" information is better accomplished by use of the 3',5'-bond. Previous evidence for the stability of the 3',5'-bond in helical conformation comes from the isolation of oligo(purines) from the base-catalyzed partial hydrolysis of single-stranded RNA. Purine-rich regions have a higher helical content than pyrimidine-rich regions, and better resist alkaline hydrolysis (4, 5).
position. The measurements have been made both in the presence and in the absence of poly(U). The preparation of the synthetic dodecamer (II) could not be achieved by the Abbreviations: BAP, bacterial alkaline phosphatase; HPLC, high pressure liquid chromatography; A>p, adenosine 2',3'-cyclic phosphate; DP, degree of polymerization; percentages are given as % of total nucleoside units present; molar absorptivities are given per nucleoside unit. * To whom correspondence should be addressed. use of any known enzyme, and the equilibrium calculations of Renz et al. (2) , appeared to suggest that a cyclic-phosphate coupling reaction, while giving the required 2',5'-bond, would result in far too small a yield of a dodecamer for this method to be of use. However, we hoped that if the above arguments (3) were indeed correct, it would prove possible to prepare dodecamer II from two 3',5'-linked hexamers by allowing the 5'-hydroxyl of one to react with the 2',3'-cyclic phosphate terminus of the other. The presence of a poly(U) template would provide protection for the 3',5'-bonds by the resulting helical conformation, and at the same time would facilitate the coupling reaction. EXPERIMENTAL Spectra were measured on a Cary 15 spectrophotometer using a specially constructed thermostated cell block (6 corder. Baseline separation of (A)5A'p from (A)sA>p, and (A)ujAp from (A)uA>p was accomplished using a nonlinear gradient (no. 5, 2 hr) 0.2-0.5 M KCI (0.01 M Tris/Tris-HCl), pH 8.1) at a rate of 1.0 ml/min. With both the hexamer and dodecamer, some separation between the isomeric 2'-and 3'-terminal monophosphates was also seen. In both cases the terminal monoesters elute before the related terminal cyclic diesters. The same column was used with a linear gradient (1 hr) of 0.0025-0.04 M KC104 (0.01 M Tris/Tris-HCl, pH 8.1) at a rate of 1.0 ml/min to separate oligoadenylates from each other, and from poly(U). In this buffer, (A)5Ap eluted in about the same volume as (A)5A>p. Poly(U) was periodically stripped from the column with 0.11 M KC104. Individual peaks to beyond a degree of polymerization of 60 (DP60) were countable when the gradient was extended to 0.06 M KC104.
Mono-and dinucleotides and adenosine were determined by high pressure chromatography (9) on either AS-Pellionex-SAX (Reeve-Angel, lot 152010) (1 mm X 100 cm; 0.02 M potassium phosphate, pH 5.3) or AL-Pellionex-WAX (ReeveAngel, lot 100020) (1 mm X 53 cm; 0.001 M ammonium sulfate, pH 5.4 with acetic acid). Quantitative estimation of peak areas was done by cutting-and-weighing, after retracing the curves on Albanene paper.
Desalting of oligomer solutions was carried out with a Biogel P-2 column (Biorad, 200-400 mesh, 1.1 X 41 cm), using 1149 1150 Biochemistry: Usher and McHale 0.02 M triethylammonium bicarbonate (pH 8) as an eluant. Distilled, deionized water (specific resistance 2-3 MO) was used in all work; glassware was cleaned in acid chromate solution to remove ribonucleases, and gloves were used in critical work. Poly(U) (Schwarz/Mann, lot W-2069, K-salt, average molecular weight of 1.56 X 106) was dialyzed twice against 0.5 M NH4Cl containing 25 mM Na2EDTA (pH 7), 1 day each, and twice against water, 1 day each (2, 10, 11) . Poly(A) (Sigma) was used as received. RNase-T2 (Calbiochem, lot 300248, EC 2.7.7.17) was used as an aqueous solution of 8.76 units/ml. Bacterial alkaline phosphatase (BAP) (11.2 mg/ml, lot 3BA, EC 3.1.3.1), and RNase-A (3070 units/mg, lot 9DA) were obtained from Worthington. RPC-5 was prepared from 2 ml of Adogen 464 (Aldrich) and 50 g of Kel F powder, (Kel F 82, KF6301, 3M Co.): the components in chloroform (75 ml) were combined in a Waring Blendor and then air dried (7) . Triethylammonium bicarbonate buffer at pH 8 was prepared from an aqueous solution of freshly distilled triethyfamine (Eastman, bp 87.0-87.80) and gaseous CO2 at 00. Ethylenediamine (Aldrich) was distilled under nitrogen (bp 99-105°).
Preparation of Oligoadenylates. Oligoadenylates with a 2',3'-cyclic phosphate terminus were produced by controlled hydrolysis of poly(A) with RNase-A (12 Aqueous methanol was added so that the final volume was 10 ml, 10% in methanol (vol), and this solution was run onto a column of DEAE-Sephadex, (1.1 X 15 cm, bicarbonate form). A linear gradient of 0.01 M to 1.5 M triethylammonium bicarbonate was used (total volume 1200 ml), and the eluate was passed via a flow-through cell (monitored at 260 nm by a Zeiss PMQ-II spectrophotometer) to a Gibson Microfractionator, model FC-80E, and 7 ml fractions were col- (15, 16) in the RNase-T2 digestion of a known amount of docecamer II was calculated by comparing the size of the peak with that given by injection on HPLC of a known amount of A(3'-5')Ap, assuming that the molar absorptivities of A(2'-5')Ap and A(3'-5')Ap at 254 nm are in the same ratio as those of A(2'-5')A and A(3'-5')A at 254 nm. The concentrations of standard solutions of the A(2'-5')A and A(3'-5')A isomers were calculated from the absorbances of the solutions at 258 nm and published values of the molar absorptivities at 258 nm (17) . The percentage of the central bond of the dodecamer II that is 2',5'-linked is then six times the percentage of A(2'-5')Ap produced in the digestion. Treatment of several different aliquot samples from the same preparation of dodecamer II gave from 76% to over 100% central 2'-5'-linkage: this large spread may in part reflect the difficulty of injecting precise volumes in the ul range. However, from the rate and products of hydrolysis of dodecamer II it can be calculated that there is about 95% of a labile bond at the central position; this figure is consistent with the 97% found by Renz et al. (2) for dimerization of A>p on a poly(U) template under the same conditions. Quantitation of Oligoadenylates and Poly(U). The concentration of stock solutions of hexamer, dodecamer I, dodecamer II, and poly(U), were determined from the absorbance spectrum of aliquot samples after treatment with RNase-T2 in 0.05 M ammonium acetate, pH 4.5. The spectrum (240-290 nm) was recorded at 250 before addition of the enzyme, the digestion was then performed at 370 until the absorbance at 260 nm was constant, and the spectrum was again recorded at 25°. Enzyme was also added to the acetate buffer in the reference cell. Literature values (18) Fig. 1 , and the appearance of hexamer in Fig. 2 .
RESULTS AND DISCUSSION
The formation of dodecamer II was accomplished in 24% yield by incubating (A)5A>p with two equivalents of poly(U) in ethylenediamine buffer at pH 8. When (A)5Ap was employed in place of the cyclic phosphate, no dodecamer was formed, and when the poly(U) was omitted, the yield was less than 1%. The reaction appears to take place in a triple helix (A-2U), the geometry of which (24) is such that nucleophilic attack by the 5'-hydroxyl can occur most readily on the tetrahedral face of the phosphorus that is directly opposite the 3'-oxygen of the cyclic phosphate. An "in-line" displacement occurs (25), resulting in the cleavage of the 3'-O-P bond. Even if a pentacoordinate intermediate were formed during the reaction, it would be prevented from pseudorotation by the strong preference of the anionic oxygens to stay in the basal plane (26, 27) . Thus the product has the 2',5'-linkage. After 5 days of reaction time, the only peaks visible by DEAE-Sephadex chromatography were hexamer, dodecamer, and octadecamer. Our evidence for the structure of the dodecamer II Fig. 1 ). Small amounts of hexamer were present at the start of the reaction: no correction has been made for this. Symbols are as in Fig. 1. aration between the 2'-and 8'-phosphate termini can then be seen in both cases. (1) and (2) with the existence of any significant amount of head to head coupling (3',3'-bonds, pyrophosphates, etc.).
Degradation Reactions. The cleavage reactions were run at 400, a temperature chosen so that both dodecamers would be strongly helical in the presence of added poly(U), but would have a relatively low helical content in its absence. The cyclic phosphate termini were converted to the mixed 2'-and 3'-phosphates in order to prevent any further coupling during the hydrolysis reactions. A tm of 760 was found for the (A)llAp-2poly(U) triple helix at the same total nucleotide and buffer concentrations as used in the degradation reaction. This figure is somewhat higher than one previously reported (28) , presumably due to the higher nucleotide concentration employed here. There was no evidence for the formation of any other complex. The tm for the triple helix of dodecamer II with 2poly(U) was not measured directly since the 2',5'-bond would have degraded appreciably during the time required to complete the measurement. However, it is likely that it would be similar to the figure of 760 found for the dodecamer I complex. The one 2',5'-bond is flanked on each side by five 3',5'-bonds, yet the tm for a triple helix of poly(U) with the all 2',5'-linked octamer has previously been reported (28) to diiffer by only 60 from that of the related complex with the all 3',5'-octamer. It is also unlikely that the presence of this one 2',5'-bond will induce a major change in the structure of the helix, e.g., to a lefthanded form (29, 30) . Fig. 1 shows the disappearance of dodecamers I and II; in the absence of poly(U) both dodecamers hydrolyze at about the same rate (about 0.03 hr'1), but the addition of two equivalents of poly(U) causes a 5-fold decrease in the initial rate of loss of I, while II hydrolyzes about seven times more rapidly. It must be stressed that these figures refer to initial rates; the kinetics become complex at later times as shorter oligomers accumulate, and the melting temperatures decrease. The potential reversibility of the cleavage reaction has also been taken into account. The distribution of products is striking; dodecamer II in the presence of poly(U) gives as an initial breakdown product over 90% of the hexamer, in spite of there being only one 2',5'-bond to ten 3',5'-bonds (Fig. 2) . In dodecamer I there are eleven 3',5'-bonds. Thus, the specific rate for one 2',5'-bond in the triple helix is about 0.18 hr'1, while that for one 3',5'-bond under the same constraint appears to be about %1 of 0.006 hr'1, or 5.5 X 10-4 hr-1. However, there is a further correction that must be made to these figures. The formation of undecamer plus monomer account for about 38% of the disappearance of dodecamer I in the presence of poly(U), and this appears to be due to an end, or fraying effect (28, 31, 32) . This explanation can also account for an increasing percentage of what appears to be pentamer that is formed in the cleavage reaction of dodecamer II with poly(U); 0-4% of the products in the early stages which increases to 8% after 22 hr. It probably arises directly from the hexamer, which is present in a large concentration after a few hours. The two end residues, although 3',5'-linked, are not firmly held in the helix, and are therefore not as fully protected. If the above comparison is made by considering the central firmly-held bonds of helical dodecamer I, the rate of cleavage drops to 2 X 10-4 hr'1, and one 2',5'-bond is seen to cleave about 900 times faster than one fully constrained 3',5'-bond.
Hydroxide-catalyzed cleavage of RNA is thought to involve intramolecular nucleophilic attack on phosphorus by the anion of the neighboring hydroxyl group (33) . We feel that the most likely explanation for the present behavior is that in the helix, attack on phosphorus by the ionized 2'-hydroxyl of I would initially force an anionic phosphoryl oxygen into an apical position. This is energetically unfavorable (26, 27) , and thus this adjacent displacement does not readily occur (Fig. 3) .t In contrast to this, the addition of poly(U) to dodecamer II causes the 2',5'-linkage to be held Proc. Nat. Acad. Sci. USA 73 (1976) 1153 in such a way as to favor an in-line displacement by the ionized 3'-hydroxyl. In this sense poly(U) could be considered a catalyst for the cleavage of this 2',5'-bond, increasing the rate by a modest factor of 18, very largely through orientation effects. The catalytic function of the ethylenediamine is not yet known in detail, although it appears to act kinetically as a general base (2) . In this reaction then, the acid or base catalysis is intermolecular, unlike the case of an enzyme such as ribonuclease-A, which supplies the acid-base groups as well as ensuring the correct orientation of binding (36) .
In the absence of poly(U), the average initial rate of hydrolysis of one 3',5'-bond is about 0.0023 hr-' (in dodecamer II) or 0.003 hr'1 (in dodecamer I), compared to about 0.01 hr-' for the 2',5'-bond. The faster rate of hydrolysis for the 2',5'-bond may merely be due to the known residual helical character of an oligoadenylate when no complementary polynucleotide is present (22) . If the rates of cleavage of the 2',5'-and 3',5'-bonds were identical in the absence of any helix, then a residual 4% helix would account for this rate difference. Though it is highly probable that in the absence of poly(U) the conformationar restriction would be less stringent than in the triple helix, and the figure of 4% would then be low. The rate of cleavage of the central 3',5'-bonds of dodecamer I is decreased by a factor of 15 on the addition of poly(U), and this figure is consistent with earlier work (4, 5) on the stability towards alkaline hydrolysis shown by purine-rich regions of single-stranded RNA. The purine bases show a greater tendency than the pyrimidines to stack, and it was thought that this ordering protected the diester bonds against cleavage, although the reason for this effect was not understood. It appears probable that these arguments apply also to the double helix (24) , and to bases other than adenine. We conclude that if the original polynucleotides were partly or wholly in the ribose series (1) , the use of the 3',5'-bond, in combination with a right-handed helix, had a large selective advantage over the use of the 2',5'-bond (helical or not) for the storage of genetic information.
